Large gaps in basement membrane occur at sites of cell invasion and tissue remodelling in development and cancer. Though never followed directly in vivo, basement membrane dissolution or reduced synthesis have been postulated to create these gaps. Using landmark photobleaching and optical highlighting of laminin and type IV collagen, we find that a new mechanism, basement membrane sliding, underlies basement membrane gap enlargement during uterine-vulval attachment in Caenorhabditis elegans. Laser ablation and mutant analysis reveal that the invaginating vulval cells promote basement membrane movement. Further, an RNA interference and expression screen identifies the integrin INA-1/PAT-3 and VAB-19, homologue of the tumour suppressor Kank, as regulators of basement membrane opening. Both concentrate within vulval cells at the basement membrane gap boundary and halt expansion of the shifting basement membrane. Basement membrane sliding followed by targeted adhesion represents a new mechanism for creating precise basement membrane breaches that can be used by cells to break down compartment boundaries.
patient survival was not increased 18 . Reduced basement membrane synthesis and changes in composition have also been postulated to underlie localized loss 11, 14, 23 . To resolve the mechanisms that cells use to overcome basement membrane barriers it is crucial to follow the fate of breached basement membrane in vivo and experimentally examine the removal mechanisms.
Anchor cell invasion into the vulval epithelium in Caenorhabditis elegans is an experimentally and visually accessible model of invasion through basement membrane 8 . The anchor cell is a specialized gonadal cell that breaches the juxtaposed gonadal and ventral epidermal basement membranes, and contacts the central 1
• -fated vulval precursor cells to initiate uterine-vulval attachment. After anchor cell invasion, neighbouring uterine and vulval cells attach to complete uterine-vulval connection 24 . The fate of the basement membrane during these later phases of attachment is unknown.
Using cell-and basement-membrane-specific markers we report here that the breach in the basement membrane widens markedly during the later stages of uterine-vulval attachment. Landmark photobleaching and optical marking of laminin and type IV collagen reveal that neither reduced basement membrane deposition nor dissolution account for basement membrane gap expansion. Instead, we show that the basement membrane breach is widened through basement membrane sliding, and that this shift is dependent on the invaginating vulval cells. Further, we find that the integrin heterodimer INA-1/PAT-3, and VAB-19, the C. elegans homologue of the tumour suppressor protein Kank 25, 26 , localize within the vulval cells at the basement membrane gap boundary and halt basement membrane sliding. These studies reveal a new mechanism to widen and stabilize basement membrane breaches during tissue remodelling.
RESULTS

Summary of uterine-vulval attachment
During the mid-L3 larval stage, the ventral uterine and vulval-precursor cells (VPCs, P5.p-P7.p cell daughters) are separated by the juxtaposed gonadal and ventral-epidermal basement membranes (Fig. 1a) . During the mid-to-late L3 larval stage, a specialized uterine cell, the anchor cell, initiates uterine-vulval attachment by invading through both basement membranes and contacting the underlying descendants of the 1
• -fated daughters of the VPC P6.p (P6.p four-cell stage; ref. 8) . Following invasion, the underlying vulval cells divide and invaginate. By the early L4 stage, the anchor cell fuses with neighbouring ventral uterine cells and forms the multinucleated utse cell, which together with the ventral uterine uv1 cells contact the 1
• -fated great-granddaughters of P6.p, completing the direct connection between the uterine and vulval tissues 24, 27, 28 . The vulD cells (innermost granddaughters of the 2 • -fated VPCs, P5.p and P7.p) and the uv2, uv3 (descendants of dorsal uterine cells) and ut cells (descendants of ventral uterine cells) sit adjacent to the connection on the vulval and uterine sides, respectively (Fig. 1a) . During these later stages of uterine-vulval attachment, the fate and dynamics of the basement membrane is unknown.
The breach in the basement membrane expands and stabilizes over the vulD cells
To examine basement membrane localization during uterine-vulval attachment we used a functional translational fusion of the lone laminin β-subunit to green fluorescent protein (laminin::GFP), which shows identical expression to immunolocalized laminin 8, 29 . The anchor cell plasma membrane was viewed using the pleckstrinhomology (PH) domain from phospholipase C-δ fused to mCherry (mCherry::PLCδ PH ; ref. 30) and driven by an anchor-cell-specific promoter cdh-3. During the time of anchor cell invasion (P6.p four-cell stage), the anchor cell remained in direct contact with the basement membrane breach, which was positioned over the central P6.p granddaughters (Fig. 1b,c and Supplementary Movies S1 and S2). Separation of the uterine and vulval tissues' tightly juxtaposed basement membranes revealed that they became fused at the borders of the invading anchor cell and formed a continuous basement membrane throughout uterine-vulval attachment (Fig. 1g) . When the vulval cells initiated invagination, the initial breach in the basement membrane widened to extend over the outer P6.p granddaughters and expanded beyond the anchor cell plasma membrane (Fig. 1d,h and Supplementary Movie S3). This expansion continued during the early P6.p eight-cell stage and then stabilized over the vulD cells ( Fig. 1e and Supplementary Movie S4), a position directly abutting the multinucleate uterine utse cell in the mid-L4 stage (Fig. 1f, h ). Transgenic animals expressing the basement membrane components SPARC, secreted protein acidic and rich in cysteine (sparc::GFP), and the sole C. elegans α1-like type IV collagen chain (type IV collagen::mCherry; refs 31,32), showed identical basement membrane gap positioning. Thus, the breach in the basement membrane widens beyond the anchor cell and stabilizes over the vulD cells at the L4 stage during uterine-vulval attachment.
The anchor cell initiates but does not complete basement membrane gap formation
To determine if the anchor cell has a role in widening the basement membrane breach, we laser ablated the anchor cell at times before and after invasion and examined laminin::GFP (Fig. 2a,c) . When the anchor cell was ablated just before invasion, the basement membrane remained completely intact through the L4 stage ( Fig. 2a ; 16/16 animals examined). Blocking invasion in animals expressing a dominant negative form of the C. elegans integrin specifically in the anchor cell (zmp-1>HA-β-tail; HA, haemagglutinin; ref. 33) also resulted in a failure to generate a basement membrane gap (20/20 animals). In contrast, basement membrane gap expansion was normal when the anchor cell was killed just after invasion (19/19 animals; Fig. 2c ). We conclude that the anchor cell is required to initiate a breach in the basement membrane, but dispensable for basement membrane gap expansion.
The descendants of the ventral uterine cells limit basement membrane gap opening
The anchor cell ablation experiments suggested that neighbouring uterine or vulval cells regulate basement membrane gap opening once the anchor cell makes the initial breach. To investigate a possible role for the uterine cells, we first laser ablated the dorsal uterine cells 34 . Removal of the dorsal uterine cells and their descendants did not alter the expansion or positioning of the basement membrane gap (Table 1 ; Fig. 2e ). In contrast, laser ablation of the ventral uterine cells perturbed gap formation. Surprisingly, this alteration resulted in basement membrane gap boundaries overexpanding in nearly 20% of operated animals (moving beyond the vulD cell; the remaining animals had normal basement membrane gap positioning; Table 1 ; Fig. 2g ). Thus, the ventral uterine cell descendants restrict basement membrane gap expansion.
The vulval cells promote basement membrane gap expansion
To determine if the vulval cells play a role in promoting basement membrane gap expansion, we first examined basement membrane opening in vulvaless animals (genotype lin-3(n1059)/lin-3(n378); ref. 35), a condition where approximately 20% of anchor cells invade 8 . In these cases, we found that the basement membrane gap never extended beyond the anchor cell (n = 10/10 animals; Fig. 3a ,b,e and Supplementary Movie S5). Similar results were observed in animals where vulval cell divisions were blocked with hydroxyurea (n = 10/10 animals; Fig. 3c ,e; ref. 8) . To further examine the role of the vulval cells in promoting basement membrane gap expansion, we reduced the number of VPCs by laser ablating all VPCs except the innermost P6.p descendants P6.pa and P6.pp, a treatment that does not interfere with anchor cell invasion and results in the isolated development of 1
• -fated vulF cells (see Fig. 1a ). This reduction of the number and invagination of VPCs decreased the expansion of the basement membrane gap (Fig. 3d,e) . These results indicate that the vulval cells promote basement membrane gap expansion. Furthermore, the degree of basement membrane gap enlargement seems to be tied to vulval cell division or invagination. 
Basement membrane sliding underlies gap expansion
Breaches in basement membrane that form during developmental processes and in tumorigenesis have been postulated to result from proteolytic dissolution or reduced basement membrane deposition 5 . To determine if proteolytic degradation underlies gap expansion, we first conducted an RNA interference (RNAi) screen, examining basement membrane gap expansion after RNAi-mediated knockdown of 260 of the 298 C. elegans genes with putative protease or protease inhibitor domains (Supplementary Table S1 ). No defects in basement membrane gap expansion, however, were observed (Supplementary Table S2 ). To further test a role for basement membrane dissolution, we established transgenic worms expressing laminin::Dendra and type IV collagen::Dendra. Dendra is a highly stable, photoconvertible fluorescent protein that changes from the green to red fluorescent state using low-phototoxic short-wavelength light 36 . We converted a 5-µm-wide segment of basement membrane at the edge of the forming gap at the P6.p four-cell stage ( Fig. 4a and Supplementary  Fig. S1 ) and followed this highlighted boundary basement membrane until the P6.p eight-cell stage. If dissolution accounted for gap expansion, we predicted that the optically highlighted boundary basement membrane would be removed. Instead, we found that the highlighted basement membrane was not lost, but rather shifted from a location over the 1
• -fated vulF cells to a position above the 2 • -fated vulD cells ( Fig. 4a ; n = 33/33 animals examined). Measurements of the photoconverted basement membrane confirmed that it did not shrink during movement, but slightly expanded, possibly a result of laminin diffusion or the gonadal and ventral epidermal basement membranes shifting relative to each other (Fig. 4c) . Notably, photoconversion of a small (approximately 1.25 µm) region of laminin::Dendra at the basement membrane boundary never visibly separated during sliding (n = 5/5 animals), suggesting that the two basement membranes slid in register. We observed a decrease in fluorescence of the photoconverted laminin::Dendra; however, this was comparable to that of control regions and probably a result of photobleaching and basement membrane turnover (Fig. 4d) . Similar results were obtained with type IV collagen::Dendra, suggesting that sliding is a property of this region of basement membrane ( Supplementary Fig. S1 ).
To determine if reduced basement membrane deposition might also contribute to basement membrane gap expansion, we carried out landmark photobleaching with animals expressing laminin::GFP. Regions of the basement membrane bordering the expanding gap and at a distance were not different in fluorescence recovery after photobleaching ( Supplementary Fig. S2 ). Thus, reduced basement membrane deposition does not contribute to gap widening. To examine if the sliding basement membrane is compressed during gap expansion, we photoconverted alternating 5-µm-wide stripes of laminin::Dendra adjacent to the expanding basement membrane gap. These stripes were not compressed and shifted in relation to the underlying vulval cells (Fig. 4b,e and Supplementary Fig. S1 ). During the time of basement membrane gap expansion, we found that the vulval and uterine tissue nearly doubled in size (1.7-and 2.0-fold, respectively), suggesting that the displaced basement membrane was spreading over the growing tissues. Taken together, these results indicate that basement membrane shifting underlies gap expansion during uterine-vulval attachment.
Vulval expressed INA-1/PAT-3 (integrin) restricts basement membrane gap expansion
To determine the molecular mechanisms that regulate basement membrane gap formation, we conducted a focused screen and examined 15 strains containing mutant alleles of genes encoding secreted and transmembrane proteins whose RNAi knockdown leads to uterine-vulval attachment defects (WormBase Release WS210; Supplementary Table S3). We found that animals harbouring a hypomorphic mutation in one of these genes, coding for the integrin α-subunit ina-1 (gm39; ref. 37), had a weakly penetrant basement membrane gap positioning defect, with 13% of observed gaps showing an overexpanded boundary at the mid-L4 stage ( Fig. 5a ; Table 1 ). Integrin receptors are composed of a single α and β-subunit and mediate cell-matrix interactions 38 . C. elegans possess two integrin receptors, consisting of the α-subunits INA-1 (similar to vertebrate laminin-binding integrins) or PAT-2 (similar to vertebrate RGD-binding integrins) bound with the lone β-subunit, PAT-3 (ref. 32). As null alleles in all of these genes lead to embryonic or early larval lethality, we used vulval-(unc-62>rde-1) and uterine-specific (fos-1a>rde-1) RNAi strains to further examine their functions 13, 33 . RNAi-targeted depletion of ina-1, pat-2 or pat-3 in the uterine tissue (fos-1a>rde-1 strain) did not significantly alter basement membrane gap positioning (Table 1) . RNAi-targeted knockdown of ina-1 and pat-3 in the vulval tissue (unc-62>rde-1 strain), however, caused an overexpansion defect, similar to ina-1(gm39) mutants (Table 1) . No defects in basement membrane gap formation were observed after RNAi depletion of pat-2 in the vulval tissue (Table 1) . These results suggest that the INA-1/PAT-3 heterodimer functions in the vulval cells to restrict basement membrane gap opening.
Similar to Drosophila and vertebrate cells, we have found that α-and β-integrin subunits require heterodimerization within the secretory apparatus of the uterine and vulval cells to be transported efficiently to the cell surface 33, 39, 40 . We thus examined the localization of a full-length PAT-3::GFP construct co-transformed with genomic DNA encoding INA-1 or PAT-2 (ref. 33). Co-transformation of pat-3::GFP with ina-1 showed enriched PAT-3::GFP localization at the site of the basement membrane gap boundary position during the mid-L4 stage ( Fig. 5b-d) . Mosaic expression studies indicated that the boundary-localized INA-1/PAT-3::GFP was derived from the vulval cells, most strongly within the vulD cells ( Supplementary Fig. S3 ). Consistent with a function here, expression of a dominant negative integrin β-subunit PAT-3 construct in the vulD and neighbouring vulC cells driven by the egl-17 promoter (egl-17 >HA-β-tail) resulted in a basement membrane gap overexpansion defect (Table 1) . Neither 
Vulval VAB-19 (Kank) stabilizes basement membrane gap position
In a screen for genes expressed during uterine-vulval attachment, we found that a full-length GFP-tagged expression construct for the protein VAB-19, a homologue of the cytoplasmic tumour-suppressor protein Kank 26 , localized to the site of the basement membrane gap boundary ( Fig. 5f-h ). VAB-19 regulates epithelial cell-matrix attachment structures in the C. elegans embryo 25, 41 , suggesting that it might participate in basement membrane gap positioning during uterine-vulval attachment. Null mutations in vab-19 are embryonic lethal 41 . Thus, we examined basement membrane boundary position in the cold-sensitive mutant vab-19(e1036) (ref. 41) and found a weakly penetrant defect at a restrictive temperature of 17
• C, with 8% of observed basement membrane boundaries overexpanded ( Fig. 5e ; Table 1 ). Similar to integrin function, vulval-and uterine-specific RNAi-mediated knockdown of vab-19 suggested that vab-19 functions within the vulval cells (Table 1) . Mosaic expression analysis revealed that VAB-19::GFP was also expressed most strongly in the vulD cells at the basement membrane gap boundary, and weakly expressed in the uterine cells ( Supplementary Fig. S3 ). To explore the interaction between integrin and VAB-19 function, we examined vab-19(e1306) mutant animals harbouring the vulval-expressed dominant negative integrin egl-17 >HA-β-tail and found an additive defect in basement membrane gap hyperexpansion (Table 1 ). These results indicate that integrin and VAB-19 function together, in either the same or parallel pathways, to limit basement membrane gap expansion within the vulval cells.
Vulval and uterine cells function together to limit basement membrane gap expansion
Our data show that VAB-19 and INA-1/PAT-3 function within the vulval cells, in combination with an additional mechanism in the ventral uterine cell descendants, to restrict basement membrane gap expansion. To explore the interaction between these mechanisms, we carried out ventral uterine cell ablation in egl-17 >HA-β-tail (vulD-expressed dominant negative integrin) animals and found a strong synergistic interaction. Whereas egl-17 >HA-β-tail and ventral uterine cell ablation each resulted in approximately 20% of basement membrane boundaries showing an overexpanded position, the combined perturbations resulted in 80% of basement membrane gap borders being hyperexpanded (Table 1 ; Fig. 6a-c) . Similarly, we observed a robust synergistic interaction in vab-19(e1306) animals after ventral uterine cell ablation to nearly 60% of basement membrane gap boundaries being overexpanded (Table 1) . Importantly, vulval cell division and invagination seemed normal in these animals. Measurements of vulval height and width after reductions of VAB-19 and integrin function revealed no differences when compared with wild-type animals ( Supplementary Fig. S5 ), consistent with integrin and VAB-19 functioning directly to limit the sliding of the basement membrane, rather than indirectly through alterations in vulval morphogenesis. Taken together, these data support a cooperative function for VAB-19 (Kank) and INA/PAT-3 (integrin) within the vulval cells and a distinct molecular mechanism operating in the ventral uterine cell descendants that acts to limit basement membrane movement during uterine-vulval attachment.
DISCUSSION
How cells create gaps in basement membrane during normal morphogenetic and pathogenic processes is poorly understood 4, 6 . Using uterine-vulval attachment in C. elegans as a model for basement Supplementary Fig. S1 ). (d) Average ratio of fluorescence intensity at mid-L4, compared with the fluorescence intensity at time of photoconversion during the mid-to-late L3. (e) Quantification of the ratio of the distance between the regions at the early L4 stage to the distance between the regions at the mid-to-late L3 (the detailed method is shown in Supplementary Fig.  S1 ; n = 10 animals for each experiment). No statistical differences between experimental and control highlighted regions were observed (P > 0.05, Student's t -test). Error bars represent s.e.m.
membrane remodelling, we show that, after the uterine anchor cell breaches the basement membrane, the underlying vulval cells expand and then stabilize the basement membrane gap by promoting basement membrane sliding followed by targeted adhesion at a specific cellular boundary (summarized in Fig. 6d,e promote leukocyte passage through endothelial basement membrane (refs 5,6,42) . Such collaborative interplay may be a common strategy to form basement membrane gaps. Proteolytic degradation or reduced basement membrane assembly are postulated mechanisms underlying basement membrane gap formation 1 . The fate of the basement membrane lost during these events, however, has not been determined, and thus the mechanisms that promote removal remain unclear. By following the fate of the basement membrane through optical highlighting of laminin::Dendra and type IV collagen::Dendra, we show that the basement membrane is not removed by dissolution during uterine-vulval attachment. Further, landmark photobleaching of laminin::GFP revealed no reduction in basement membrane deposition at the expanding gap boundary. Instead, our optical highlighting experiments demonstrate that the basement membrane shifts to expand the gap. As the basement membrane slides at the boundary, the juxtaposed uterine and vulval cells make direct cell-cell connections 27 , which probably excludes further basement membrane deposition. During uterine-vulval attachment the uterine and vulval tissue nearly double in size, supplying the sliding basement membrane with enlarged tissue to spread over. Tissue growth might be a prerequisite for basement membrane sliding, providing a surface for the shifted basement membrane to cover.
Proteases may also be used to facilitate basement membrane sliding; however, our optical highlighting experiments clearly show that these do not dissolve the basement membrane. Notably, proteolysis might be particularly important in initiating the break in the basement membrane, as the C. elegans matrix metalloproteinase encoded by zmp-1 is expressed within the anchor cell during invasion and is thought to function during the initial breaching event 21 . The reliance of basement membrane sliding on the number of dividing and invaginating vulval cells suggests that these morphogenetic processes provide the force to move the basement membrane, analogous to migrating fibroblasts shifting collagen fibres in connective-tissue matrix 43 . Importantly, the basement membrane sliding model does not preclude an active role for the vulval cells in expanding the gap by migrating into the opening (as opposed to basement membrane sliding over them). However, as vulval morphogenesis was normal in cases with overexpanded borders, we propose basement membrane sliding as the primary mechanism driving basement membrane gap expansion.
Our studies indicate that, after the invaginating vulval cells initiate basement membrane sliding, the uterine and vulval cells have independent mechanisms for halting this movement at a specific cellular boundary. Laser ablation of the ventral uterine cells increased the expansion of the basement membrane gap, demonstrating that these cells act to restrict basement membrane movement. Furthermore, the expression patterns and loss-of-function phenotypes of the genes encoding the integrin heterodimer INA-1/PAT-3 and the Kank homolog VAB-19 indicate that these proteins act in the vulval vulD cells to limit basement membrane gap expansion (Fig. 6e) . The INA-1/PAT-3 integrin heterodimer is most similar to vertebrate integrin laminin receptors 37 , consistent with a role in cell-basement membrane adhesion. Although the in vivo functions of Kank proteins are poorly understood, VAB-19/Kank has also previously been implicated in mediating cell-basement membrane interactions in C. elegans 25, 41 . VAB-19 is thought to act as a cytoskeletal linker with the transmembrane protein Myotactin/LET-805 within the epidermis to bind basement membrane, whereas integrin acts within the muscle cells to bind basement membrane, thus forming a mechanical linkage between muscle and the cuticle 44, 45 . Our experiments demonstrate another example where VAB-19 and integrin act cooperatively during an attachment process. Neither integrin nor VAB-19 seems to function or be expressed strongly in the uterine cells, suggesting that these cells use a distinct adhesion mechanism to restrict basement membrane sliding. Such an intricate boundary-positioning system probably ensures robust opening of the basement membrane gap without disrupting tissue integrity.
Although basement membranes have been hypothesized to be highly static structures [46] [47] [48] , there have been few real-time analysis studies of basement membrane dynamics in vivo. Recent work examining chick primitive-streak formation has shown that the underlying subepiblastic extracellular matrix (a matrix similar to basement membrane) moves with the migrating epiblastic cells 49 . Our observations demonstrating that the basement membrane is shifted during gap expansion in uterine-vulval development in C. elegans provide further evidence that basement membrane itself can have plastic properties. Similar to uterine-vulval development, the formation of basement membrane gaps during vertebrate gastrulation and Drosophila disc eversion and in metastatic tumours 7, 9, 50 is associated with dividing and moving cells, where similar conditions to shift basement membrane probably occur. Thus, basement membrane sliding may be a common strategy to widen basement membrane gaps, with important implications for the design of therapies to modulate this behaviour.
METHODS
Methods and any associated references are available in the online version of the paper. Microscopy, image acquisition, processing and analysis. Images were acquired using a Yokogawa spinning disc confocal scan head mounted on a Zeiss AxioImager microscope with a ×100 Plan-APOCHROMAT objective controlled by iVision software (Biovision Technologies) or using a Zeiss AxioImager microscope with a ×100 Plan-APOCHROMAT objective equipped with a Zeiss AxioCam MRm CCD camera controlled by Axiovision software (Zeiss Microimaging). Acquired images were processed using Photoshop CS3 Extended (Adobe Systems). Threedimensional reconstructions were built from confocal z-stacks, analysed and exported as .mov files using IMARIS 6.0 (Bitplane). Spectral representations of the fluorescent intensities of VAB-19::GFP and PAT-3::GFP expression (two independent lines each) were constructed using Image J 1.40 g software.
M E T H O D S
Uterine-vulval tissue separation. To examine the relationship between the gonadal and ventral epidermal basement membranes (which are normally tightly juxtaposed and cannot be resolved by light microscopy), we incubated worms for one hour in M9 medium, under a coverslip, on 5% agar pads containing 0.01 M NaN 3 . Under these conditions, the uterine and vulval tissues can separate from each other, enabling their respective basement membranes to be individually examined. Cell ablations. Laser-directed cell ablations of the anchor cell, ventral uterine cells, dorsal uterine cells and VPCs were carried out on 5% agar pads as previously described 8 . Ablated animals were recovered from the agar pad, left to develop at 20 • C and then examined for anchor cell invasion and boundary-position defects at indicated times. :GFP],rrf -3(pk1426 ), uterine-(fos-1a>rde-1) and VPC-specific (unc-62>rde-1) RNAi-sensitive strains. VPC-and uterine-specific RNAi was conducted by expression of RDE-1 under the control of the vulval-specific unc-62 promoter 13 and the uterine-specific fos-1a promoter as described 33 . The tissue specificity of both was confirmed with RNAi targeting genes that have known specific functions in the uterine (pat-3, fos-1a) and vulval (lin-39) tissues. All RNAi vectors were from the Vidal or Ahringer libraries 52,53 and sequenced to verify the correct insert.
Mosaic analysis of VAB
RNA interference.
Quantifying the breach in the basement membrane. The diameter of the breach in the basement membrane was measured at five developmental stages: P6.p four-, late four-, six-, early eight-and eight-cell stages. The position of the basement membrane breach was scored either by observation of the phase-dense line under DIC optics or by laminin::GFP. In all cases an unpaired Student t -test was used to determine the statistical significance of observed differences between stages. The anterior and posterior boundaries of the breach were scored independently at the early L4 and mid-L4 larval stages (see Table 1 ).
Optical highlighting (photoconversion) of basement membrane components.
Dendra DNA sequence 36 was engineered to contain C. elegans codon usage 54 and three synthetic introns (the sequence is available on request). Dendra fusion constructs were made by inserting the C. elegans modified Dendra into the mluI site of pGK39 (laminin::GFP) and the Msc1 and BsrG1 sites of pJK750 (type IV collagen::mCherry). Constructs were injected and integrated strains made as described previously 21 . Transgenic worms were photoconverted using a Zeiss LSM 510 confocal microscope (Zeiss Microimaging), equipped with a ×63 objective, scanning regions of interest with a 405 nm laser at 1 mW power for 30 s. After photoconversion, images were captured using a spinning disc confocal microscope or a Zeiss AxioImager. Animals were recovered from the agar pad, left to develop at 20 • C for the specified amount of time and then reimaged. Identical settings were used to acquire images at all times. The sum fluorescence intensity of photoconverted Dendra was quantified using Image J 1.40 g software and a seven-pixel-wide linescan. For more details on photoconversion of basement membrane methods used in this study see ref. 55.
Volumetric measurements of uterine and vulval tissues.
Three-dimensional isosurface renderings were generated from confocal z-stacks of vulval-or uterinespecific GFP expression (unc-62>GFP and fos-1>GFP strains, respectively), using Imaris 7.1.1 (Bitplane). A fluorescence intensity threshold was set so isosurfaces were built in place of the uterine or vulval tissue. The volume of isosurfaces was used to estimate the volume of the respective tissue at the four-and eight-cell stage (n ≥ 8 for each). (1) and one at a distance from the gap (2), were photoconverted at the mid-to-late L3 stage (top) and then examined later at the early L4 stage (bottom). The ratio of the width of the regions at the L4 stage to the width of the regions at the mid-to-late L3 stage was used to determine if the BM at the gap boundary had compressed or expanded over time or changed in fluorescence intensity (quantification is shown in Figure  4C and 4D). (B) Three regions of BM were photoconverted (1-3) at the midto-late L3 stage (top) and then reimaged at the early L4 stage (bottom). The ratio of the distance between the regions (between 1 and 2, proximal; between 2 and 3, distal) at the early L4 stage to the distance between the regions at the mid-to-late L3 stage was used to determine whether the BM nearest to the boundary of the breach compressed or expanded over time (quantification is shown in Figure 4E ). , and at time points one hour (C) and three hours (D) after photobleaching. As the gap in the BM expanded, the mean fluorescence intensity of the BM was measured at two places: (1) at the boundary of the expanding hole in the BM and (2) at a distance from the hole (control). The fluorescent recovery of the two regions was compared to elucidate differences in the rate of BM deposition at the boundary of the expanding gap. BM deposition was not reduced at the boundary compared to the control regions (n = 13/13). Tables  Table S1 . 
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